[1] Nitrogen cycle dynamics have the capacity to attenuate the magnitude of global terrestrial carbon sinks and sources driven by CO 2 fertilization and changes in climate. In this study, two versions of the terrestrial carbon and nitrogen cycle components of the Integrated Science Assessment Model (ISAM) are used to evaluate how variation in nitrogen availability influences terrestrial carbon sinks and sources in response to changes over the 20th century in global environmental factors including atmospheric CO 2 concentration, nitrogen inputs, temperature, precipitation and land use. The two versions of ISAM vary in their treatment of nitrogen availability: ISAM-NC has a terrestrial carbon cycle model coupled to a fully dynamic nitrogen cycle while ISAM-C has an identical carbon cycle model but nitrogen availability is always in sufficient supply. Overall, the two versions of the model estimate approximately the same amount of global mean carbon uptake over the 20th century. However, comparisons of results of ISAM-NC relative to ISAM-C reveal that nitrogen dynamics: (1) reduced the 1990s carbon sink associated with increasing atmospheric CO 2 by 0.53 PgC yr À1 (1 Pg = 10 15 g), (2) reduced the 1990s carbon source associated with changes in temperature and precipitation of 0.34 PgC yr À1 in the 1990s, (3) an enhanced sink associated with nitrogen inputs by 0.26 PgC yr À1 , and (4) enhanced the 1990s carbon source associated with changes in land use by 0.08 PgC yr À1 in the 1990s. These effects of nitrogen limitation influenced the spatial distribution of the estimated exchange of CO 2 with greater sink activity in high latitudes associated with climate effects and a smaller sink of CO 2 in the southeastern United States caused by N limitation associated with both CO 2 fertilization and forest regrowth. These results indicate that the dynamics of nitrogen availability are important to consider in assessing the spatial distribution and temporal dynamics of terrestrial carbon sources and sinks. 
Introduction
[2] Constraints of the nitrogen (N) cycle on carbon (C) uptake in response to increasing atmospheric CO 2 concentrations ([CO 2 ]) has been proposed as an important factor in controlling terrestrial CO 2 sinks, a concept referred to as progressive N limitation [Hungate et al., 2003; Luo et al., 2004] . The terrestrial N cycle also has the potential to interact with terrestrial C cycle responses to changes in climate, N inputs and land use [Canadell et al., 2007] .
[ 3] Observations from open top chamber, greenhouse and Free-Air Concentration Enrichment (FACE) experiments suggest that terrestrial ecosystems grown under elevated [CO 2 ] require more N to support enhanced plant growth than is required at ambient CO 2 [Luo et al., 2006] . This is because increased C storage in vegetation and soil causes N to be sequestered in organic matter, leading to a decrease of plant-available soil mineral N and constrains C sequestration in terrestrial ecosystems over time [Luo et al., 2004] .
[4] The N cycle may also influence the responses of the C cycle to climate change. Warmer and wetter soils have the potential to increase the amount of inorganic N in soil through enhanced mineralization associated with decomposition. The improved nitrogen availability may lead to enhanced productivity. Although soil microbial activity and the N needs of soil organisms are also increased during this process, the enhanced mineralization of N by increased soil microbial activity generally increases plant-available N in addition to meeting the N needs of soil organisms. The mineralization of soil N associated with decomposition has the potential to enhance the uptake of CO 2 by vegetation more than the loss of CO 2 from decomposition [Shaver et al., 1992; McGuire et al., 2007] .
[5] Models generally featured in the IPCC's third [Prentice et al., 2001] and fourth [Denman et al., 2007] assessment reports, as well as the recent coupled climate C cycle intercomparison project, C 4 MIP [Friedlingstein et al., 2006] did not account for the C-N interactions and Hungate et al. [2003] estimated that there would be insufficient N available to support the magnitude of global C uptake estimated by these unconstrained models. The concern raised by Hungate et al. [2003] , therefore, implies that neglecting C-N interactions results in overestimates of the terrestrial biosphere's uptake of CO 2 over the 21st century. This concern is supported by several process-based modeling studies [McGuire et al., 1997; Kicklighter et al., 1999; Thornton et al., 2007 Thornton et al., , 2009 Sokolov et al., 2008] , which have already investigated how the N cycle influences future responses of the global terrestrial C cycle to increasing [CO 2 ] and noted nitrogen constraints on the potential for CO 2 fertilization to increase future terrestrial carbon storage. Furthermore, two recent studies [Sokolov et al., 2008; Thornton et al., 2009] find that consideration of nitrogen dynamics alters the modeled response of terrestrial carbon dynamics to future climate change. In simulations that do not consider C-N interactions, they found that global warming always reduces terrestrial carbon storage. However, when C-N interactions are included, they find that their modeled terrestrial carbon storage actually increases with moderate increases in temperature. In addition to [CO 2 ] and climate normally considered in global change studies, terrestrial carbon storage may also be influenced by atmospheric N deposition and land use change.
[6] Atmospheric N input to the terrestrial biosphere has increased as a result of fossil fuel burning and from fertilizer application [Nadelhoffer et al., 1999; Holland et al., 2005] . A large increase in atmospheric N input to regions that are typically N limited, such as northern temperate forests, could increase C accumulation in these regions [Vitousek and Howarth, 1991; Hyvönen et al., 2007] . Several studies [Holland et al., 1997; Nadelhoffer et al., 1999; Churkina et al., 2007; Thornton et al., 2007] have concluded that N deposition enhances terrestrial carbon storage across the globe.
[7] Human activities have significantly altered the Earth's vegetation cover in nearly every part of the world. Such changes have the potential to alter regional and global climate through changes in the biophysical characteristics of the Earth's surface, such as albedo and surface roughness [Ramankutty and Foley, 1999; Brovkin et al., 2006] , and in the biogeochemical cycles of terrestrial ecosystems, such as the global C and N cycles. Historically, land use change has generally released carbon to the atmosphere due to the conversion of forests to croplands and pastures, but in recent decades. C stocks in forest ecosystems have also increased through reforestation, afforestation and forest regrowth on abandoned land [Jain and Yang, 2005] . However, the accumulation of C stocks can be constrained if the land use changes occur in N limited regions [Davidson et al., 2004] .
[8] While most previous modeling studies have investigated how the N cycle influences the responses of the terrestrial C cycle to individual environmental factors, here we take the next step to evaluate how the N cycle has influenced the 20th century terrestrial C cycle responses to the combination of increased [CO 2 ], changes in climate (temperature and precipitation), and N deposition in addition to land cover and land use change (LCLUC). We conduct this evaluation with the Integrated Science Assessment Model (ISAM), a geographically explicit terrestrial ecosystem model with fully coupled C and N cycles. Specifically, the impacts of sufficient and limited N supply on C pools and fluxes for each of the prescribed environmental changes alone and in combination are evaluated.
Methods
[9] We performed several experiments, as discussed below, using the extended version of the process-based global terrestrial C and N cycle component of the ISAM (Figure 1 ). The structure, parameterization, and performance of the ISAM have been previously discussed [Jain and Yang, 2005; Yang et al., 2009] ; here we provide a brief description of the model.
[10] ISAM simulates C and N fluxes within the terrestrial biosphere at a 0.5°Â 0.5°spatial resolution. Each grid cell is occupied by one of 105 soil types from the FAO-UNESCO Soil Map of the World [Zobler, 1999] , and at least one of 13 natural land cover classifications based on vegetation data sets from Loveland and Belward [1997] and Haxeltine and Prentice [1996] .
[11] The C and N are cycled among the vegetation (tree and aboveground foliage and tree-woody biomass), aboveground litter (dead foliage and dead wood), belowground litter (dead roots), aboveground and belowground soil organic matter (SOM) (microbial biomass and humus), and inorganic N (NH 4 + and NO 3 À ) pools. The C dynamics of vegetation pools are based on the work of Jain and Yang [2005] , whereas N content in each vegetation pool and biome is calculated based on C:N ratios as defined by Yang et al. [2009] . Net primary production (kg C m À2 yr
À1
) for the tree and aboveground foliage and tree-woody biomass pools varies with vegetation C according to empirical plant growth equations Kheshgi et al., 1996; King et al., 1995] . The photosynthetically active vegetation carbon reservoirs are characterized by their turnover times and the rate of exchange between them. The values of these parameters for each of our model's land cover types are calculated from the specified initial values of fraction of tree and ground vegetation carbon (kgC m À2 yr
) as describe in detailed by Jain and Yang [2005] . The modeled NPP is consistent with other studies [Prentice et al., 2001; Cramer et al., 1999] as noted by Jain and Yang [2005] . The C dynamics for aboveground litter and SOM pools are calculated based on equations derived from Parton et al. [1987] , Parton and Rasmussen [1994] , and Moorhead et al. [1999] , whereas the belowground litter (dead roots) and SOM dynamics are estimated based on the RothC model equations [Jenkinson, 1990; Coleman and Jenkinson, 1999; Paul and Polglase, 2004; Jain and Yang, 2005] . The change in N contents of aboveground and belowground litter and SOM pools follow the changes in C contents and are equal to the product of the changes in C and C:N ratio as discussed by Yang et al. [2009] .
[12] There are three sources of N inputs: the deposition of atmospheric N species (N deposition), biological N fixation and N fertilizers (as nitrate, ammonium, or both). N fertilizers input are not considered in this study. Table 1 provides the external N input and output for the initial and last year of model simulations. There are four N output flux pathways: denitrified N, leached N, volatilized N and LCLUC N removals. The N volatilization flux is minimal in unfertilized systems and ignored in our study. In the model C and N in vegetation and soil are linked through litter fall, decomposition, N mineralization and microbial immobilization, and N uptake by vegetation. Three types of litter are considered in this study: leaf litter, wood litter and root litter. The production and distribution of organic matter into various litter C pools are based on C, lignin and N concentrations, and climate conditions as described by Yang et al. [2009] . During the decomposition of aboveground and belowground litter and SOM, part of C is respired and the rest is exchanged between litter and SOM pools as shown in Figure 1 . Both immobilization and mineralization of N can occur during decomposition depending on the C:N ratio of the litter and SOM pools and the microbial efficiency [Yang et al., 2009] . If the transferred amount of C from one pool to the other requires less N to maintain the specified C:N ratio of humus and microbial pool, N is added to mineralized N pools. In contrast, if the transferred amount of C requires additional N to maintain the specified C:N ratio, immobilization of inorganic N from both soil mineral reservoirs, i.e., ammonium (NH 4 + ) and nitrate (NO 3 À ), occurs [Yang et al., 2009 ]. In the model, NH 4 + N is nitrified to nitrate NO 3 À N according to Bradbury et al. [1993] . NH 4 + N is immobilized in preference to NO 3 À , and nitrification occurs before denitrification. Plant N uptake depends on plant-available mineral N, temperature, soil moisture, and root mass and is estimated by using Michaelis-Menten kinetics [Raich et al., 1991] . When the calculated N demand is greater than N supply, NPP is scaled back to the level that N supply can support [McGuire et al., 1992] . For example, under conditions of N limitation, photosynthesis is down regulated, therefore reducing NPP. On the other hand, if N demand is less than supply, plant production and NPP are enhanced until NPP is limited by other factors, such as soil moisture.
[13] At each time step the available nitrogen pool is incremented with nitrogen inputs from mineralization, fixation, and deposition. Then NPP is up-or down-regulated using this amount. After the amount required for plant growth is removed, the losses of remaining NO 3 À -N to leaching are calculated and the available N pool decremented.. The NO 3 À -N leaching is determined by the soil NO 3 À -N pool, field capacity of the soil, and percolation according to Yang et al. [2009] . The soil water budget model by Pastor and Post [1985] as implemented by Jain and Yang [2005] is used to calculate soil water content and percolation. NH 4 + N can be lost by volatilization after the application of NH 4 + fertilizers and is modeled using the formulations of Bradbury et al. [1993] . The biological N fixation for each biome type is estimated using the empirical functions developed based on the relationship between evapotranspiration and N fixation [Schimel et al., 1996; Cleveland et al., 1999] . Another input for inorganic N in soil is atmospheric wet and dry deposition. In this study, we use historical deposition data provided by Galloway et al. [2004] .
[14] ISAM also considers how C and N dynamics are influenced by land cover and land use change (LCLUC) activities, i.e., deforestation, reforestation and afforestation [Yang et al., 2009] . With removal of natural vegetation in an affected grid cell, a specified fraction of vegetation biomass is transferred to litter reservoirs as slash left on the ground. The C and N in these reservoirs are subject to decomposition as discussed above and by Yang et al. [2009] . The rest of plant material is either burned to clear the land for agriculture, which releases C and N contained in the burned plant material (see LCLUC Direct Flux in Figure 1 ), or is transferred as C and N to wood and/or fuel product reservoirs (see Product Pools in Figure 1 ). Carbon and N stored in the product pools are released to the atmosphere (see LCLUC Decay Flux in Figure 1 ) at a variety of rates dependent on usage and assigned products into three general reservoirs with turnover times of 1 year (agriculture and agriculture products), 10 years (paper and paper products) and 100 years (lumber and long-lived products) [Jain and Yang, 2005] .
[15] Because litter decomposition provides the primary source of energy and N for soil microorganisms, we have, in a separate study [Yang et al., 2009] , evaluated the litter decomposition components of the ISAM framework with the Long-Term Intersite Decomposition Experiment (LIDET) data set, which consist of a range of observed litter input rates, types, and climate conditions [LIDET, 1995; Parton et al., 2007] . This site-specific analysis demonstrates that ISAM is able to adequately capture C and N dynamics during decomposition. At the global scale, the spatial distribution of vegetation and soil N, N uptake and N leaching are consistent with previous measurement and model studies as discussed below. This gives us confidence that the ISAM framework used in this study can predict plant N availability and subsequent plant productivity at regional and global scales and how they can be impacted by factors that alter the rate of decomposition such as increasing [CO 2 ], climate changes, litter quality, soil microbial activity and/or increased input of N to the system via N deposition.
Model Simulations
[16] The ISAM is initialized with an [CO 2 ] of 278 ppmv, representative of approximate conditions in 1765, and constant monthly mean temperature and precipitation for the period 1900 -1920 [Mitchell and Jones, 2005] to allow vegetation and soil C and mineral N pools to reach an initial dynamic steady state [Yang et al., 2009] . Once the model reaches dynamic steady state, the historical changes in net C uptake between 1765 and 2000 are calculated for two N cycle scenarios: (1) simulations with a fully dynamic N cycle (ISAM-NC) where N is allowed to vary according to C and N cycle dynamics and (2) simulations in which N is always sufficiently available for plant growth; that is, C fluxes are not constrained by N cycle (ISAM-C). We run these two N cycle scenarios of the ISAM with independent changes in (1) increasing [CO 2 ] [Keeling and Whorf, 2007] , (2) observed temperature and precipitation [Mitchell and Jones, 2005] , (3) N deposition [Galloway et al., 2004] , and (4) land cover changes involving croplands [Jain and Yang, 2005] ; and combined changes in (1) -(4).
[17] In the increasing [CO 2 ] case, we used annual averaged [CO 2 ] which have risen from a preindustrial level of about 278 ppmv in 1765 to 370 ppmv in 2000 [Keeling and Whorf, 2007] . In the climate change case, the global average surface temperature has increased by 0.6 ± 0.2°C over the period 1901-2000. The largest increases in temperature since 1975 have occurred over the middle and high latitudes of the continents in the Northern Hemisphere. Precipitation data is highly variable temporally and spatially. The data for historical changes in LCLUCs for cropland area for the period 1765 -1992 are based on the work of Foley [1998, 1999] . For the period between 1992 and 2000, we linearly extrapolated cropland area within each grid cell based on land use trends in the previous decade. Changes in N deposition (NO y + NH x ) are based on the work of Galloway et al. [2004] , which accounts for both direct wet and dry depositions and are calculated on a 5°Â 3.75°grid using a global transport chemistry model [Lelieveld and Dentener, 2000] . Each grid data was then subdivided into a 0.5 Â 0.5 subgrid scale. Over the time period 1860 -2000, the global total net exchange of N deposition flux from the atmosphere to land increases from 10.81 (NO y = 6.45, NH x = 4.35) to 62.29 (NO y = 26.1, NH x = 36.1) TgN yr À1 (Table 1) . For the period 1765-1859, we assume the same value as for the 1860. Over the period 1765 -2000, the model estimated global total biological N fixation (BNF) increases from 153 to 174 TgN yr À1 (Table 1) . Although the uncertainties in global estimated BNF flux using different methods are quite large, Cleveland et al. [1999] and Galloway et al. [2004] suggest that annual global BNF contributed between 100 and 290 TgN yr À1 to natural terrestrial ecosystems and our estimated values for the period 1765-2000 are well within the range of these values.
[18] In section 4, three sets of the ISAM estimated results are presented: (1) global annual-mean net C fluxes and 
Results
[19] Increasing [CO 2 ] drives terrestrial ecosystems to act as a sink for [CO 2 ] due to the CO 2 fertilization effect for both cases ISAM-NC and ISAM-C. The C uptake rates, however, are lower for case ISAM-NC than for case ISAM-C between 1900 and 2000 as shown in Figure 2a . For increasing CO 2 , available N in the ISAM-NC calculations is drawn down as the supply of N to plants cannot meet the demand of N by plants for new production and photosynthesis is ''down-regulated.'' The soil C is also lower in ISAM-NC than in case ISAM-C (Figure 3a) , with lower NPP, biomass in vegetation and litterfall to support the changes in soil C. The difference in C uptake by the terrestrial ecosystems between the ISAM-NC and the ISAM-C simulations due to rising [CO 2 ] becomes progressively greater through the 20th century (Figure 2a) .
[20] Rising [CO 2 ] enriches the organic matter in plants with C, which leads to an increase in C:N ratios of [21] Our model results also demonstrate that the impact of N limitation (ISAM-NC minus ISAM-C) (Figure 4a ) on terrestrial net C flux during the 1990s is spatially heterogeneous across the globe. In general, the inclusion of N dynamics significantly reduces the CO 2 fertilization response relative to the case where N is sufficiently available for plants to grow (Figure 4a ). Nitrogen limitation is clearly indicated in moist temperate regions (i.e., less C uptake in ISAM-NC compared to ISAM-C, Figure 5b ), where N is a primary limiting nutrient. While high-latitude boreal forests and tundra regions are also limited in N availability (Figures 5c and 5e ), the response of these regions to N limitation is less pronounced than the temperate evergreen deciduous and evergreen forest regions (Figure 4a ) because ecosystem productivity in high latitudes is limited by shorter growing seasons and relatively less N is required for plant growth. While tropical regions are highly productive, they are not N limited (Figures 4a, 5a, and 6a) . Our results indicate that N does not limit productivity in tropical forests. These results are consistent with studies that suggest that phosphorus limits NPP in tropical forests [Harrington et al., 2001] . Our results are also consistent with studies that have documented N limitation of productivity in tropical shrub lands (Figure 5d ) [Yates et al., 1982; Gallardo and Schlesinger, 1992] .
[22] For the 1990s, the ISAM-NC estimates the global mean terrestrial sink associated with increasing [CO 2 ] to be 0.53 PgC yr À1 less than that estimated by ISAM-C (Table 2 ). This suggests that ISAM-C overestimates the CO 2 fertilization effect during 1990s by about 24% due to N limitation. These results are directionally consistent with previous modeling studies that have reported that the response of terrestrial ecosystems to increasing [CO 2 ] can be substantially limited by N availability [McGuire et al., 1997 [McGuire et al., , 2001 Kicklighter et al., 1999; Thornton et al., 2007] .
[23] In addition to [CO 2 ], the results of both versions of the ISAM indicate that terrestrial carbon storage is sensitive to climate variability and changes over the time period 1900-2000 (Figure 2b ). For both ISAM-NC and ISAM-C, interannual variability in temperature and precipitation induces interannual variations in net C fluxes that are of a rate on order of almost 2.5 PgC yr À1 (results not shown here). Net release of CO 2 to the atmosphere from 1900 to 2000 for both cases results from an increase in decomposition due to higher temperature. However, C release to the atmosphere is smaller for ISAM-NC than for ISAM-C. Although mean changes in temperature and precipitation lead to increased decomposition in both cases, increased N mineralization associated with enhanced microbial decomposition in ISAM-NC increases plant-available mineral N in soil and stimulates plant N uptake, productivity, and the C uptake by plants (Figure 3c ). Our modeling results, which are close to changes simulated by TEM model [Sokolov et al., 2008] but somewhat lower than changes produced by Thornton et al. [2007] , suggest that in ISAM-NC the amount of C loss to the atmosphere as a result of the temperature-driven enhancements in autotrophic and heterotrophic respiration is partially compensated by a climate-enhanced productivity of plants. The increase in mineralization in the ISAM-NC also redistributes N between soils and vegetation, i.e., the loss of N from soils, and increases N in vegetation (Figure 3d) . Overall, the higher plant growth in ISAM-NC also increases the amount of litterfall and C in soils. Therefore, the loss of soil C in ISAM-NC is less than in ISAM-C (Figure 3c ). These results are directionally consistent with previous global modeling studies [Thornton et al., 2007; Sokolov et al., 2008] .
[24] At the global scale, the model results for the 1990s show that the additional mineral N available for terrestrial ecosystems under warming conditions leads to an indirect N fertilization effect and reduces the C loss to the atmosphere during the 1990s by about 0.34 PgC yr À1 (Table 2) , although again the results are spatially heterogeneous depending on region and biomes. Overall, high-latitude regions show a marked decrease of C emission from terrestrial ecosystems in ISAM-NC case relative to ISAM-C case (Figure 5l ), particularly boreal forest (Figure 5i ), shrub lands (south of 30°S) (Figure 5j ) and tundra (Figure 5k ) biome regions,. In spite of this, there are some spots in high and midlatitudes, which show more C release to the atmosphere in ISAM-NC case than in ISAM-C case (Figure 4b ), because in some regions the rate of release of plantavailable N from soils reduces over time and heterotrophic respiration rates of C become larger than the climate-driven C sequestration rates in vegetation. Our modeling results suggest that there is no indirect N mineralization feedback effect in tropical regions (Figure 5l ), in particular tropical forests (Figure 5g) .
[25] Driven by the combined effect of climate (temperature and precipitation) and [CO 2 ], model results exhibit carbon sink rates that remain approximately unchanged between 1900 and 1945 and then increases throughout the remainder of the 20th century for both the ISAM-C and ISAM-NC cases with carbon exchange variability driven largely by climate variability and the carbon sink driven largely by CO 2 fertilization (Figure 2c ). It is important to note that there are interactions between the effects of CO 2 and climate evident in the results of both ISAM-C and ISAM-NC (Table 2) . For example, the combined effect of CO 2 and climate is not the same as that estimated by simply adding the CO 2 effect to the climate effect in the results of either ISAM-C and ISAM-NC. For the ISAM-C case, the terrestrial C uptake estimated by the sum of the CO 2 -driven result and climate-driven result is greater than that of the model driven by both CO 2 and climate, which is consistent with model results assessed by the IPCC that indicate that less carbon is stored in terrestrial ecosystems and soils because the larger amount of carbon stored due to CO 2 fertilization leads to more respiration than would be predicted by the individual factors alone [Denman et al., 2007] . In contrast, for the ISAM-NC, the terrestrial C uptake predicted by the sum of the CO 2 -driven and climate-driven results is less than that of the model driven by both CO 2 and Climate. This is because warming leads to higher N availability whereas enhanced CO 2 leads to even higher C availability resulting in more C uptake than would be predicted by summing the effects. The vegetation and soil C and N stocks for the combined cases (CO 2 and Climate) are shown in Figures 3e and 3f .
[26] Figure 4c shows the net terrestrial C flux difference (ISAM-NC minus ISAM-C) for the 1990s as a result of two compensating effects: the limiting effect of N under increasing [CO 2 ] and the indirect N fertilization effect driven by climate change (temperature and precipitation). The ISAM simulations show an increased sink for C in northern highlatitude regions while there is a increased source of C in temperate midlatitudes when elevated [CO 2 ] is considered concomitantly with changes in climate (Figure 4c ).
[27] The impact of increased N deposition on terrestrial C fluxes is shown in Figure 2d . There is no change in C fluxes for ISAM-C despite additional N input through deposition since the N cycle is not coupled to carbon cycle in ISAM-C. Increased N availability driven by deposition could stimulate the accumulation of additional C in terrestrial ecosystems [Nadelhoffer et al., 1999] , mainly in forest biomes, because of the high C:N ratios and the large C storage capacity [Holland et al., 1997] . Our model results show that the C and N storage due to N deposition increases in vegetation and soils from 1900 to 2000 (Figures 3g and  3h) . As a result of this, the carbon sink rate estimated by the ISAM-NC model increases over time (Figure 2d ). The majority of the N deposition occurs in the forests of Northern Hemisphere temperate zones. As a result, nearly all 1990s global C sink due to N deposition occurs in this region, particularly in the eastern United States, Europe, China and India (Figure 4d ). Our modeling results suggest that increased N deposition over the 1990s caused a 0.26 PgC yr À1 accumulation rate mainly in forest ecosystems (Table 2) ) estimated by other studies [Peterson and Melillo, 1985; Townsend et al., 1996; Holland et al., 1997; Nadelhoffer et al., 1999; Churkina et al., 2007] . These results are supported by the finding of Nadelhoffer et al. [1999] , which used the evidence of 15N-tracer data from 9 forests to show that the effect of increased N deposition on temperate forests C sequestration was about 0.25 PgC yr À1 .
[28] The calculated net terrestrial C fluxes due to LCLUC over the period 1900 -2000 for cases ISAM-NC and ISAM-C are shown in Figure 2e . Both cases ISAM-C and ISAM-NC result in land use change net emissions smaller than the commonly cited range [Denman et al., 2007] ; this is because (1) the input data set used in this study by Foley [1998, 1999] , which does not Net terrestrial uptake [Denman et al., 2007] À1 ± 0.6 a The cases considered here are ISAM-NC (C fluxes are constrained by N cycle) and ISAM-C (C fluxes are not constrained by N cycle). The model results are also compared with the IPCC estimated net terrestrial carbon uptake [Denman et al., 2007] . Positive values indicate net emission to the atmosphere and negative values indicate net sink in the terrestrial biosphere at a global annual rate (PgC yr À1 , 1 Pg = 10 15 g) averaged over the 1990s.
include pasture conversions, rotational forestry, fires, and urbanization, results in LCLUC emissions toward the low end of the range [Jain and Yang, 2005] ; and (2) the estimated LCLUC effect in this study does not include the interactive effects with changes in other environmental factors that are normally included implicitly in other calculations of LCLUC effects. In the short term, the conversion of naturally occurring vegetation to croplands increases litter input to the soil that increases the overall soil decomposition rate to enhance the mineralization of N available for plant productivity. In the longer term, cropland soils lose N through agricultural harvest. While this loss of N does not generally decrease agricultural productivity because of the wide use of fertilizer N application, the loss of N from soils does affect forest regrowth on former agriculture land and on reforested land. For ISAM-NC simulations the forest regrowth and C accumulation is increasingly reduced in comparison to the ISAM-C simulation in the late 20th century (Figure 2e ) in regions where N is a limiting nutrient, particularly in the southeastern United States (Figure 4e ). During the 1990s global net C uptake due to land cover change estimated by ISAM-NC is 0.08 PgC yr À1 less than that estimated by ISAM-C (Table 2) . It is interesting to note that the LCLUC influenced changes in vegetation and soil carbon stocks over the period 1900 -2000 for the ISAM-C and ISAM-NC cases are quite similar, although the estimated responses of soil carbon are quit different from vegetation carbon stocks in these cases (Figure 3i ). With changes in LCLUC over the period 1900-2000, the soil carbon stocks remained approximately constant, whereas global vegetation carbon stocks decreased by about 60 PgC (Figure 3i ). The ISAM estimated vegetation and soil N stocks for ISAM-NC case show generally a decreasing trend with a larger decrease in vegetation than soil N (Figure 3j ).
[29] When all factors are considered simultaneously, the comparison of the ISAM-NC and ISAM-C simulations indicate small differences occur between the estimated carbon fluxes over the time period 1900 -2000 (Figure 2f ). The net changes in C fluctuate around zero prior to 1950 and then they become positive until 1960; that is, C fluxes become net source for [CO 2 ]. Thereafter the C sinks grow in both cases. The model simulations of concurrent effect of all variables indicates that on the influence of the terrestrial N cycle in moderating the CO 2 fertilization, climate, N inputs and LCLUC effects on terrestrial carbon storage estimated by ISAM-NC approximately cancel (Figure 2f ) in comparison to the ISAM-C simulation throughout the 20th century. The terrestrial C sink during the 1990s simulated by ISAM-NC was only 0.09 Pg C yr À1 higher than the sink simulated by ISAM-C (Table 2 ). Although the difference between the two simulations is small in the 1990s, there are substantial differences in the spatial distribution of the exchange of CO 2 between the two simulations ( Figure 4f ). While both simulations estimate sink activity across all biomes and latitude bands (Figures 6a -6f ), the consideration of N dynamics results in a greater sink of CO 2 in northern high latitudes, particularly in boreal regions ( Figure 6c ) and a smaller sink of CO 2 in south temperate latitudes (Figure 6b ) primarily located in the southeastern United States (Figure 4f ). The greater sink in high latitudes is primarily associated with climate effects (Figure 4b ) and the smaller sink of CO 2 in the southeastern United States caused by N limitation associated with both CO 2 fertilization (Figure 4a ) and forest regrowth (Figure 4e ).
Conclusions
[30] Results of this study suggest that responses of available N in terrestrial ecosystems to global environmental changes have not significantly affected the amount of terrestrial C sequestration over the 20th century, but these N responses have a strong influence on the spatial distribution of predicted C sequestration. Simulation results suggest that N was in increasingly short supply in temperate and boreal forest regions, particularly in moist temperate regions during the late 20th century, which limited the sink for [CO 2 ] in these regions, but N deposition and increased N mineralization due to climate change led to increased N availability and higher productivity over the 20th century that nearly eliminates the climate-driven C source from this decomposition in the case where the C fluxes were less affected by N dynamics. The response of C sequestration to increased N deposition and climate warming in temperate regions was not strong enough to overcome the effects of the N cycle in limiting CO 2 fertilization response and forest regrowth. In contrast, the results suggest that N dynamics enhanced the CO 2 sink in boreal regions because climate warming enhanced the availability of mineral N in northern high-latitude ecosystems. Thus, our results indicated that the effect of global environmental change on the terrestrial C sinks is both temporally and spatially variable as are the influences of changing N availability.
[31] Unlike Thornton et al. [2007] who concluded that C cycle models that do not consider interactions with the N cycle will overestimate terrestrial C sequestration during the 20th century [i.e., Thornton et al., 2007] , our analysis using ISAM-NC and ISAM-C estimates approximately the same total global amount of C uptake during the entire 20th century regardless of the consideration of N cycle dynamics. One reason may be that Thornton et al. estimated a stronger nitrogen constraint on CO 2 fertilization than estimated in our study. In their study, the mean uptake due to increasing CO2 concentrations estimated by their carbon and nitrogen interactive model (as in our case NC) is 74% lower than that estimated by their carbon-only model (as in our case C). In our study, the ISAM-NC estimates a mean uptake due to increasing CO 2 concentrations that is only 24% lower than the ISAM-C.
[32] While ISAM's net terrestrial carbon sink of 2.57 PgC yr À1 during the 1990s for the case with a fully dynamic N cycle driven by all modeled environmental factors is outside the range (À1.0 ± 0.6 PgC yr À1 ) of those estimated by IPCC's Fourth Assessment Report [Denman et al., 2007] (Table 2) , there are substantial uncertainties in the responses of the model to the factors considered. Furthermore, there are other issues that affect terrestrial C storage that the analysis did not consider, e.g., land use change that may not have been captured in the data sets used, the effects of tropospheric ozone [Felzer et al., 2007] , forest fires [Balshi et al., 2007] , and insect outbreaks [Kurz et al., 2008 ] to identify just a few. Nonetheless, this study indicates that interactions between the N and the C cycles are currently playing an important role in influencing terrestrial CO 2 sinks at regional scales, and therefore need to be considered in coupled C-climate system models.
